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ABSTRACT

Effects of Working Memory Load on Ensemble versus Individual
Object Processing
by
Clark Moore

Advisor: Tatiana Aloi Emmanouil

Ensemble perception is the ability of the visual system to summarize object groups by
their statistical properties. At a fundamental level, past studies show clearly that ensembles are
perceived, and statistical information is sent to working memory such that a subject may report
on the averages (Ariely, 2001; Brady and Alvarez, 2011). Studies show that subjects are capable
of reporting ensemble statistics for large groups of objects with high accuracy, inferring that this
process bypasses the capacity limitations of attention and working memory (Chong and
Treisman, 2003; Baijal et al., 2013; Huang, 2015; Epstein and Emmanouil, 2017, 2021).
However, few studies have looked at working memory load and how items in working memory
may affect storage and/or processing of ensemble information (Bauer, 2017; Epstein and
Emmanouil, 2017). Studies so far suggest that there is no decrement in ensemble processing
performance under working memory load, supporting the idea that ensemble perception is
independent of working memory capacity limitations (Bauer, 2017; Epstein and Emmanouil,
2021).
The current study sought to further test this claim by examining whether working
memory load influences the speed by which ensemble properties are computed, as measured by
event related potentials (Experiment 1) and behavioral measures (Experiment 2). In both
iv

experiments, participants performed either an ensemble or an individual object oddball task
(Epstein & Emmanouil, 2021) under high or low working memory. To induce a working
memory load, a Sternberg memory task was used such that participants memorized a three (low
load) or seven (high load) digit string.
Experiment 1 measured the P3b component elicited by the oddballs, which is known to
reflect stimulus processing time, as well as behavioral reaction time and accuracy. No effects of
working memory load were found on performance in both the ensemble and individual
conditions. Working memory load effects were also not found in P3b latency or amplitude.
However, significant effects in P3b latency were found between ensemble and individual
conditions, replicating previous results using a similar oddball task (Epstein & Emmanouil,
2021). Experiment 1 data collection remained incomplete due to COVID-19. Experiment 2 was
conducted through Amazon Mechanical Turk to complement Experiment 1 processing speed.
Again, we found no main effects of load on either perceptual task but differences in reaction time
were observed between the ensemble and individual conditions. These results taken together
imply that taxing top-down attentional resources has little influence on a person’s ability to
respond quickly and accurately to ensembles and individual objects. Furthermore, differences
between ensemble and individual object perception were evident despite cognitive load and
varying experimental conditions.
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Introduction
The current study tests the effects of working memory load on ensemble processing
versus individual object processing using behavioral and Electroencephalographic (EEG)
measures. Before further introducing the current study and its place in the literature, the
following is a review of the background literature necessary to understand the context from
which the current study derives.
The brain is a supercomputer, that is, a sort of biological calculator that can make many
calculations unconsciously and present the results to our consciousness in an intuitive way. The
visual system, for example, performs calculus on a bird flying past us, calculating the perceived
size and location of the bird over time so we know how fast the bird is going. Our brain however,
like any computer, is limited by its resources, and thus, efficiency in its code and calculations is
key to its function. Let us say instead of one bird flying, a large group of birds flies past our
gaze; our visual system now must process multiple objects of varying sizes and speeds. The
visual system, in theory, could perform its “calculus” on every single individual bird and output
to our consciousness an extremely rich and accurate representation of where each bird is going to
be and when. Studies, however, suggest that if this were the case, our working memory would be
overfilled with information; this “overfilling” would result in capacity limitations in conscious
access in this proposed model (Block, 2011; Cohen, Dennett, and Kanwisher, 2016).
There is another branch of mathematical analysis other than calculus that the brain is well
versed in, and that is statistics. The beauty of statistics is its versatility in condensing large sets of
data into small, but still meaningful statistics that represent the larger dataset. Like the calculus
example, our brain performs statistics on sensory information and can also send this data to
working memory in an intuitive way. Under this statistics brain model, when a flock of birds
1

flies past us, our visual system calculates statistics over this group in the visual scene and
condenses the information into a single representation rather than multiple individual objects.
This representation is sent to working memory as “gist” information. For this statistical
calculation, the birds’ size and speed is encoded as ensembles of information and sent to working
memory. This phenomenon of perceiving and reporting summary statistical information is called
ensemble perception. When put in an evolutionary context it would make sense that people
would have this ability to make snap judgements on entire scenes of compressed visual
information. It would be advantageous to the survival of the individual to be able to respond
quickly to an entire scene of redundant objects that change in their visual parameters.
Ensemble perception is an early visual perceptual process that does not require focused
attention or working memory to operate (Ariely, 2001; Alvarez, 2011; Haberman and Whitney,
2012). However, there is debate in the literature whether ensemble perception occurs as an early
visual perceptual process (Attarha and Moore, 2015). This debate incites a variety of questions.
Is ensemble perception indeed an early visual process, and thus does it constitute a different
mode of visual information processing? Does ensemble perception require attention? If so, is the
attention focused or spread out? Does ensemble perception require visual working memory? And
to what degree does ensemble coding interact with working memory?

Attention and Ensemble Perception
To date, there is no literature that suggests ensemble coding occurs without some level of
attention. One foundational article in the field of ensemble perception is Chong and Treisman
(2005) who employed dual task paradigms. The dual task paradigms included an ensemble
perception task coupled with either a focused or spread attentional task. Chong and Treisman
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(2005) found that subjects reported ensembles more accurately with the distributed attention
task. Given these results and the larger body of evidence, it follows that some level of attention is
required for ensemble coding (Huang, 2015; Jackson-Nielson, Cohen and Pitts, 2017; McNair et
al., 2017; Ji et al., 2018).
The level and type of attention associated with ensemble perception is unclear. Ensemble
coding is still intact even when there is a significant absence of focused attentional processing as
seen in unilateral spatial neglect (USN) patients (Pavlovskaya, 2013). So how can ensemble
coding persist despite an absence of focused attention? Chong and Evans (2011) go into detail in
their review of distributed versus focused attention, claiming that these two types of attention are
completely different mechanisms. Focused attention is used for individual object processing, not
only for perceiving individual objects, but also for counting them numerically (numerosity),
whereas distributed attention is used in ensemble perception and estimating numerous objects
(Chong and Evans, 2011).
This model (Chong and Evans, 2011), in which attentional systems are differentiated by
different neural mechanisms, supports the results in Pavlovskaya et al. (2013); Pavlovskaya et al.
(2013) found that unilateral spatial neglect (USN) is a disorder in focused (local) attention
(Chong and Evans, 2011; Pavlovskaya et al., 2013). If one were to ask USN patients how many
objects they see in a scene, they would report only half the number because they are essentially
counting the objects (focused attention to individual objects), but if they were asked about the
average size of the objects, they would report an accurate answer because they are calculating
size by estimating the objects in the scene (distributed attention) (Pavlovskaya et al., 2013).
There is also a body of neuroimaging studies that further support that global and local attention
are supported by different neural mechanisms, with different hemispheric specialization (Fink et
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al., 1996; Heinze et al., 1998). The results of these studies are highly suggestive that ensemble
coding and individual object processing are supported by separate mechanisms.
The processing flow from ensemble or individual object processing to the behavioral
output (subject reporting) is underspecified. Some “stage” of processing must take place between
these. In most of the studies mentioned thus far, there is one thing in common: they use
behavioral paradigms that rely on subject reporting. Subject reporting of visual scenes requires
that working memory is engaged because visual information must be stored in working memory
for it to be accessed by the subject (Baddeley and Hitch, 1974; Baddeley and Logie, 1999).

Working Memory and Ensemble Perception
Working memory is a kind of mental space for task-relevant, accessible information. The
first models of working memory were reported by Baddeley and Hitch (1974). What is notable
about their work is they propose different kinds of working memory: the visuo-spatial sketchpad
(visual working memory and spatial working memory) and the phonological loop (verbal
working memory). The brain utilizes these stores to hold and process visual, spatial, and auditory
information. It is important to note the distinction between these different types of working
memory. Although they are functionally similar in the sense that they all store short-term
accessible information, some scholars propose that they are spatially distinct within the brain
(Baddeley and Hitch, 1974; Baddeley and Logie, 1999; Wager and Smith, 2003).
Although there has been much debate in the literature on the complex relationship
between attention and working memory, there has been little research on ensemble perception
and working memory (Fougnie, 2008). No matter what visual information is coming in, whether
it be one or multiple birds flying past our gaze, and whether these birds are processed locally or
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globally, this information needs to be stored in visual working memory such that a person may
access the visual information about the birds. Brady and Alvarez (2011, 2015) make the case that
past research has assumed that working memory is composed of only individual items that are
stored independently of each other. However, their work suggests that ensemble statistics are not
only stored in working memory, but these statistics may modulate the information about the
individual items within working memory. Participants in the first of two experiments in Brady
and Alvarez’s studies (2011) were shown circles of varying size and colors (red, blue, green).
They were then instructed to focus on the sizes of only red and blue circles while green circles
were shown as a distractor. Subjects responded by manipulating the size of a probe circle that
appeared after the stimulus and over the same location of a particular circle, such that subjects
matched the probe size with an individual circle size. One should note that this was a visual
search task for individual objects, and subjects had no instruction about reporting ensembles.
Rather, this experiment resulted in subjects encoding color as a dimension in working memory.
The subject’s response size of the probe was significantly and consistently biased toward the
average size of the circles sharing the same color (Brady and Alvarez, 2011). Since subjects were
unaware that they were encoding averages, the result is in line with the view of the current study
that ensemble coding may be an early perceptual process due to the automaticity of the encoding
taking place.
Brady and Alvarez (2011) found evidence that selective attention plays a critical role in
how statistical properties of visual items are processed. Specifically, they found this in their
second experiment within the same study by removing the green distractor circles from the
display and instructed subjects to disregard color and focus on the size of all circles in the
display. Contrary to experiment one, this resulted in no significant bias toward the mean of
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circles sharing the same color (red or blue), but rather a bias toward the mean of all the circles in
the display. In the first experiment, since attention was selected towards color, the mean size was
biased toward the circles of the same color, but when attention no longer selects for color,
ensemble coding of the whole group biases individual item information.
Studies, including Brady and Alvarez (2011), indicate that attention acts as a gateway to
working memory (Fougnie, 2008). It would then follow that visual information that is selected
by either a distributed or focused mode of attention, would be encoded in working memory in
parallel. The results of Brady and Alvarez (2011) further suggest the interaction of information
within working memory.
If ensemble information and individual object information both were to reach visual
working memory in a focused attentional mode, then would statistical representations be subject
to the same working memory capacity limitations as that of individual object information? There
is evidence this is true (Attarha and Moore, 2015; Im and Chong, 2014); however, the less
studied relationship between ensemble coding and working memory capacity is likely to be more
complex than the well-studied relationship of individual object processing and working memory
capacity (Cowan, 2001; Cowan et al., 2012). If attention is the gateway to working memory, then
what is the effect of working memory load on ensemble coding? Epstein and Emmanouil (2017)
and Bauer (2017) sought to examine these questions; they observed different yet still congruent
results.
Epstein and Emmanouil (2017) sought to find an effect of working memory load (when
working memory is at capacity with individual object information) on accuracy in an ensemble
task. Epstein and Emmanouil (2017) conducted two experiments in this study. The first consisted
of a dual task paradigm where subjects first memorized the colors of two (low load) or four (high
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load) squares. While holding these objects in memory and focusing gaze on a fixation cross at
the center of the screen, two sets of circles of varying sizes were displayed on either side of the
screen. Subjects were asked to determine which set of circles was larger on average. Then after a
brief delay, colored squares appeared with 50% chance of being different than the first set in the
trial; subjects determined whether the colors of the squares were the same or different.
Throughout the entirety of the experiment, verbal working memory load was engaged by asking
the participants to repeat the letters ABCD vocally; this task engaged verbal working memory
without drawing too much from attentional resources. Attentional resources were to be isolated
to, and at capacity for, the dual task paradigm such that an effect of attentional/cognitive load
would be isolated to visual working memory. The only significant finding was an effect between
accuracy and the size ratio between the two groups of circles; specifically, if the ratio was large,
then subjects could more easily discriminate which set of circles was larger. Despite the high
visual working memory load, there was no significant influence on ensemble task accuracy from
working memory load. This null result suggests that working memory may not be required for
ensemble coding to take place, further supporting the claim that ensemble coding is an early and
automatic process (Epstein and Emmanouil, 2017).
The second experiment in the study used the same experimental setup but tested for
spatial working memory instead of object working memory (color) (Epstein and Emmanouil,
2017). The reason they tested spatial working memory load was because spatial working
memory may be processed differently than visual working memory as in accordance with
Baddeley’s models of working memory. (Baddeley and Logie, 1999; Wager and Smith 2003)
Again, Epstein and Emmanouil (2017) found no influence of spatial working memory load on
ensemble coding. A null result is suggestive that working memory is not required to perceive
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ensembles.
The work of Bauer (2017), however, found a different result when testing working
memory load and ensemble perception. Bauer (2017) also sought to find an influence of working
memory load on ensemble coding, but his experimental setup was different from Epstein and
Emmanouil (2017) in that he tested for an effect of verbal working memory load on accuracy of
ensemble averaging (Bauer, 2017). While Epstein and Emmanouil (2017) took steps to isolate
load to visual working memory such that the load would presumably inhibit the encoding of
ensembles into working memory, Bauer (2017) chose to load only verbal working memory, so as
not to “contaminate” the visual averaging task. The procedure included memorizing a 4 or 5 (low
load) or, 6 or 7 (high load) digit number (or a string of 0’s for no load condition), followed by an
ensemble of nine lines of varying lengths. After the display of the ensemble, a probe line was
presented, and the subject reported whether the probe was larger or smaller than the average
length of the nine lines. Finally, the subject reported the memorized digits by typing them
verbatim. As with Epstein and Emmanouil (2017), performance on the averaging task was
affected by the ratio of how much larger or smaller the probe line was to the average, where a
larger ratio would make it easier for a subject to determine if the probe was larger or smaller than
the perceived mean of the ensemble. Although Bauer (2017) reported no effects of load on
accuracy, there was an interaction between working memory load and probe ratio, wherein the
high load condition significantly influenced accuracy of the ensemble task, dependent on probe
ratio size, over the no-load condition. This evidence suggests that adding verbal working
memory load may improve ensemble averaging, but in an indirect way (dependent on the ratio of
probe size).
Thus far in the literature discussed, ensemble perception is independent of visual, spatial,
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and verbal working memory capacity limitations. In the case of Bauer (2017), ensemble
perception could be improved under a verbal working memory load. Bauer (2017) also analyzed
the effect of working memory load on response times in the averaging task. There was a
significant effect in which higher working memory load decreased probe response times in the
averaging task. This finding means that not only did a high load improve accuracy in one respect,
but it also improved response times in perceptual averaging. Bauer (2017) reported evidence for
an overall improvement in perceptual averaging when a working memory load was induced;
however, his conclusions remain only speculative as to why this occurred. Bauer (2017)
speculates that one possible explanation was that the added load caused subjects to make “snap”
judgements, thus, improving response times. Another possible explanation for this effect,
however, is that drawing attentional resources towards working memory and away from visual
processing causes the observer to rely more heavily on distributed attention over focused
attention. It may be possible that because distributed attention is a different neural mechanism
than focused attention, processing visual information happens faster in the distributed attention
mechanism. The articles discussed here explore this question behaviorally, but we can further
shed light into this question using neuroimaging.

Neuroimaging and Ensemble Perception
Where there are a multitude of ensemble perception studies using behavioral paradigms,
there are fewer neuroimaging studies in the ensemble perception field. Understanding how
ensemble perception works is critical to advancing our understanding of vision, scene perception,
and even consciousness. To understand how ensemble perception works, the field must explore
two fundamental questions: where and when. Behavioral paradigms recording subject responses
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and reaction times (Bauer, 2017; Chong and Treisman, 2003; Chong and Evans, 2011; Epstein
and Emmanouil, 2017) suggest that ensemble perception is an early visual and parallel process.
These studies, however, cannot provide solid claims regarding exactly where in the brain
ensemble perception occurs, nor when these processes occur relative to individual object
processing.

fMRI and Ensemble Perception
Ensemble statistics may be extracted from a variety of low- and high-level features
including color, orientation, size, face emotion, gaze, and family resemblance just to name a few
of the features (Whitney and Leib, 2018). Since there is great versatility in this mechanism, it is
difficult to speculate where in the brain ensemble perception occurs. There have been few fMRI
studies attempting to answer this question. The collection of work by Cant and Xu are certainly
the most notable of these fMRI studies attempting to narrow down where ensemble perception
occurs in the brain.
The first in a collection of studies by Cant and Xu (2012) employed an fMRI adaptation
method to find where real-world object ensembles are represented in the brain. Ensembles of
real-world objects such as pictures of groups of berries or flowers were shown to subjects, and if
the images were identical, similar, or very different, an adaptation effect could be measured
accordingly in the BOLD signal. Cant and Xu (2012) compared the changes in ensembles to that
of surface textures and analyzed BOLD adaptations in the parahippocampal place area (PPA)
and the lateral occipital area (LO). They also localized areas in the brain activated by object
ensembles and textures by showing subjects regular pictures and phase-scrambled copies of the
same picture. Comparing the BOLD adaptations between these two sets of pictures allowed Cant
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and Xu (2012) to localize where object ensembles are represented in the brain and report the
amount of overlap these areas have with the PPA and the LO. The PPA which is known to
process visual scenes (Epstein and Kanwisher,1998), as well as the LO which processes shapes
of single objects (Grill-Spector, Kourtzi, and Kanwisher, 2001; Malach et al. 1995), both have
significant overlap in the region shown to be activated for object ensembles (Appendix 1). While
Cant and Xu (2012) (as well as their other studies, Cant and Xu, 2015, 2016, 2020) have
scratched the surface of localizing ensemble perception processes in the brain, more needs to be
done. Furthermore, while fMRI studies have good spatial resolution and may help researchers
localize ensemble representations in cortex, they have bad temporal resolution which is a crucial
aspect of ensemble coding as perception operates on a very fine time scale. The good temporal
resolution of EEG could help to understand the neural mechanisms in earlier visual areas and the
timing of these ensemble coding processes.

EEG and Ensemble Perception
In ensemble perception research today, the neuroimaging research focuses on where
ensembles are represented in cortical space. Although this is a positive direction for ensemble
perception research to go, there is a gap in the neuroimaging literature looking at the timing of
ensemble coding with accurate measurement. There are few papers specifically using EEG as a
tool to study ensemble perception, and most of them are looking at higher level features such as
face ensembles (Ji et al., 2018; Nemrodov et al., 2020; Puce et al. 2013; Roberts et al., 2019)
while fewer are looking at lower-level features (Baijal et al., 2013; Epstein and Emmanouil,
2021; Oh, Kim, and Kang, 2019). While the main advantage of EEG is the temporal aspect of its
measures, some of these EEG studies use source imaging as evidence for their main arguments
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(Baijal et al., 2013; Nemrodov et al., 2020; Oh, Kim, and Kang, 2019). Despite EEG’s high
temporal resolution, it is largely underutilized in ensemble perception research.
A recent study by Epstein and Emmanouil (2021), which may be the only study to date
using EEG as a method to measure the timing of ensemble coding, found evidence that
processing under distributed attention occurs faster than focused attention. Specifically, visual
information in an ensemble condition was processed faster than that information in an individual
object condition. Participants in this study were shown groups of lines of varying orientations. In
one block of trials, subjects responded when the average of all the orientations changed
(ensemble condition), while in the second block of trials, they responded when only a single line
changed orientation (individual object condition). The accuracy of the task between the two
conditions were not significantly different. However, the P300 latency was shorter for the
ensemble condition compared to the individual object condition.
The finding of Epstein and Emmanouil (2021) is consistent of previous behavioral
findings showing that subjects can perceive ensemble representations at rapid processing speeds
(Chong and Treisman, 2003). Making snap judgements on ensembles have previously been
shown by reaction time data (Chong and Treisman, 2003; Bauer, 2017), but the reaction time
measure is not enough to show that ensemble processing occurs earlier than individual object
processing in the brain. Epstein and Emmanouil (2021) showed significant correlation of the
ensemble and individual condition median response times to their respective P3b components.
Ensemble P3b and response times were shorter in latency than that of the individual P3b latency
and response times. As mentioned, Bauer (2017) found that higher working memory load versus
no load produced faster reaction times and relatively more accurate responses (in the interaction
of load and ratio of probe length). Bauer (2017) speculates that the reason for this is that

12

distributing attention towards a secondary load task reduces a subject’s confidence in the
precision of ensemble memory, which in turn would cause subjects to make “snap” judgments
and thus rely more heavily on perceptual averaging. Could it be that this underlying principle of
spreading attentional resources is responsible for the faster reaction times and P3b latencies
found in Epstein and Emmanouil (2021) between ensemble and individual conditions? Would it
explain faster reaction times in high working memory load versus no working memory load in
Bauer (2017)?

Current Study
The motivation for the current experimental design is to test how working memory load
influences ensemble perception compared to individual object perception using EEG and
behavioral measures. Furthermore, the experiment sought to build on Epstein and Emmanouil
(2021) by providing further tests of the claim that ensemble perception is available before
individual object processing. Before discussing EEG as a method to test this claim, one must first
ask why EEG is a good method to study perception and working memory.
Geoffrey Woodman (2010) notes in his review on event related potentials (ERPs) the
benefits of using EEG in studies of perception and attention. He notes that perception and
attention work on a very fine time scale (milliseconds) and that the fine temporal resolution of
EEG is well suited to accurately record on this time scale. Furthermore, EEG has an advantage
because decades of research has made EEG a well-vetted method (Woodman, 2010). Although
there are few EEG studies in ensemble perception research today, there are a multitude of EEG
studies in the field of working memory. The two main ERPs associated with working memory
are the P300 wave and the contralateral-delay activity (CDA) (Appendix 2 for more on CDA).
13

The P300 wave has been extensively used and reviewed since its discovery in the 1960’s
(Chapman and Bragdon, 1964; Sutton et al., 1965). Over the years, the P300 has seen a wide
variety of uses even though its underlying neural substrates are largely unknown. Regardless,
research suggests that the P300 reflects the updating of working memory online (Bennington and
Polich, 1999; Kok, 2001; Woodman, Vogel, Luck; 2001; Polich, 2007). This theory accounts for
why a P300 is elicited when an oddball stimulus is presented to a participant under EEG. An
oddball stimulus would produce this “detected attribute change” within working memory, as
Polich describes in his review (Polich, 2007). Thus, as working memory is continuously updated,
the change within working memory produced by oddball stimuli can be recorded dependably by
modulation of the EEG, seen as the P300. Furthermore, it has been shown that in a primary task,
this “oddball” effect is greater, seen as larger P300 amplitude, with a lower stimulus probability.
Other factors producing an increase in P300 amplitude include greater task complexity, stimulus
complexity, and stimulus value. Thus, the updating of working memory in primary tasks are
sensitive to these aforementioned variables (Gomer et al., 1976; Watter et al., 2001). There are
two subcomponents of the P300 wave: the P3a, which originates from an infrequent (oddball)
stimulus without a task, and the P3b, which originates from a task-relevant infrequent stimulus.
The P3a is associated with stimulus-driven frontal attentional mechanisms, whereas the P3b is
associated with task-relevant temporo-parietal activity (Polich, 2007). The current study used a
task- and experimental-design that focused primarily on eliciting and recording P3b components,
as P3b components are thought to represent stimulus-processing time. Similar to Epstein and
Emmanouil (2021), the current study utilized the sensitivity of the P3b to oddballs in the
perceptual task to measure the timing of processing either ensembles or individual objects into
working memory. Thus, based on findings from Epstein and Emmanouil (2021), is the following
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hypothesis proposed: if ensembles are more readily available than individual objects in working
memory, then the P3b latency to the oddball in the ensemble condition will be shorter than found
for the individual condition.
If the classic P300 wave indexes the updating of working memory, then how would
adding a working memory load to a primary task affect the P300 wave? One hypothesis is that
the continual updating of working memory relies on attention to focus on what to update; this
process adds to the cognitive load. That is, the secondary working memory load would detract
from cognitive or attentional resources and cause the P300 to decrease in amplitude. Thus, in
dual task paradigms, an increase in working memory load in a secondary task would decrease the
P300 wave amplitude elicited by a primary task. One study that reports such findings is Pratt et
al. (2011) who set out to find the effect of working memory load on the P1 and P300 components
using a dual-task paradigm similar to the current study that included a Sternberg memory task
coupled with a flanker task (verbal memory task coupled with a visual detection task). Pratt et al.
's (2011) results confirm the findings of past studies such as Watter et al. (2001) and Wintink et
al. (2001) that as working memory load increases, P300 amplitude is shown to decrease. These
studies suggest that attentional demands towards the working memory task detract from
attentional resources allocated to early visual processes. Taken together, these findings suggest
that the current study would also result in amplitude differences in the P3b depending on the
secondary task difficulty (the high load condition would result in a decrease in P3b amplitude
compared to the low load condition).
The effect of working memory load on P300 latency has also seen scrutiny. However, the
conclusions based on the data are more contentious than that of the P300 amplitude. Verleger
(1997) reviews this question extensively in his literature review that debates whether P300
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represents stimulus-processing time versus response-processing time. The conclusion is nuanced
because sometimes response times in studies are shorter than P300 latency and sometimes they
are longer than P300 latency. If response times were all longer than P300 latency, then it would
be easy to consider P300 latency representing response processing, but, because response times
are sometimes shorter than P300 latency, this would not make sense. For the intents and
purposes of the current study however, Epstein and Emmanouil (2021) showed a positive
correlation between P3b latency and reaction times, suggesting that P3b latency at least in part,
indexes perceptual processing time. Thus, differences in P3b latency in the current study may be
regarded as indexing perceptual processing time, as the primary visual tasks between the current
study and Epstein and Emmanouil (2021) were similar. How then would the secondary task in
the current study effect P3b latency?
Verleger (1997) reviewed the data on twenty-three studies that report P300 latency and
reaction times under Sternberg memory task conditions. The raw data in nearly all sixty data sets
within these 23 studies show that as set size increases, P300 latency increases (Verleger, 1997).
Although the raw data from Verleger’s review demonstrates this trend, one must consider that
every study comes with its own factors and conditions. One study cited in Verleger’s (1997)
review is Gomer et al. (1976) that clearly demonstrates that an increase in memory set size
produced a significant increase in P300 latency. Thus, the results of Gomer et al. (1976) as well
as other studies reviewed by Verleger (1997) suggest that an increase in secondary task difficulty
increases the latency of the P300 (Verleger, 1997). However, regarding the current study, a
different result would be expected. Response times in Bauer decreased in his ensemble
processing task, which he speculated could be due to participants making “snap judgements”.
Since Epstein and Emmanouil (2021) found a positive correlation of P3b latency to response
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times, it is hypothesized that response times, and thus P3b latency, would be shorter in the high
load condition due to subjects making “snap” judgements while under a high working memory
load.
The current study will shed light on how working memory load affects ensemble and
individual object processing by measuring differences in ERP components, as well as behavioral
measures such as accuracy and reaction times.

Experiment 1
Participants
Fourteen Baruch undergraduate students (10 female, 4 male, 13 right- handed, ages 19-34
years) participated in this experiment for course credit. The experimental protocol was approved
by the IRB. All participants had normal or corrected-to-normal vision and gave written informed
consent. Participants reported no history of neurological, psychological or substance abuse
disorders. A power analysis was performed before data collection using Pangea Analysis to
determine that thirty participants were needed to show an effect between perceptual task P3b
latencies with 80% power (Westfall, 2016). The effect size used was from Epstein and
Emmanouil (2021) where Cohen’s d = 0.61. Due to COVID-19, EEG collection was paused after
the first 14 participants. Thirteen participants were used in the data analysis as one participant
was excluded for not understanding the task.
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Task Design
In this dual task paradigm, participants simultaneously performed a Sternberg working
memory task while performing the perceptual task. The high- and low-working memory load
conditions were manipulated within subjects, in two separate blocks, counterbalanced across
participants. The ensemble and individual tasks were administered between subjects.

Sternberg Working Memory Task
For each trial, a random set of 3 or 7 digits (1-9) were displayed. Each string (per new
trial) generated a unique combination of digits with no digits repeating. In the low load
condition, the three digits were padded with 0s to maintain an equal luminance between the high
and low load conditions. While subjects maintained digits in their short-term memory, they
concurrently performed the perceptual task. Following the perceptual task, a single digit was
displayed for two seconds. Participants responded with the left arrow key if the digit was within
the original set of digits memorized, or the right arrow key if the digit was not in the original set.
The program randomly decided whether the probe digit was within or outside of the original set
with 50% probability, thus controlling for participants applying a guessing strategy based on a
weight for one condition over another.

Ensemble and Individual Object Tasks
While participants held numerical information in their working memory, they were
concurrently asked to perform the perceptual task. Half of the participants performed the
ensemble condition while the other half performed the individual condition. In the ensemble
condition, participants were instructed to focus on the fixation cross at the center of the screen, to
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pay attention to the entire group of lines (widespread attention) and to respond with the left
arrow key when the average orientation of the group of lines changed. Participants in the
individual condition also fixed their eyes on the fixation cross, however they were asked to
attend to only one line in the group, marked by a semi-circle, and responded with the left arrow
key when the single line changed orientation.

Visual Stimuli
Stimuli were generated using the PsychoPy Python toolbox (Peirce, 2007) and were
replicated from Epstein and Emmanouil (2021). Stimuli were presented on an Iiyama Vision
Master Pro 512 cathode ray tube monitor set with a 60-Hz refresh rate and a screen resolution of
1280 × 1024 pixels while participants sat 75 centimeters from the screen. All stimuli were
displayed on a grey background with a centered fixation cross subtending 0.02°. Fifty-two white
lines each with a length of one centimeter (0.8°) displayed as a group with varying orientations.
The group of lines took shape as an 8x8 grid with the 3 locations in each corner removed. The
lines jittered in position by up to 0.38° on every new stimulus. The standard condition displayed
these lines with an average orientation of 14.68°. In the ensemble oddball condition, all the lines
changed to an average orientation of 35.13° (a difference of 20.45° from the standard
orientation), except for the individual target marked by the semi-circle which remained at the
average 14.68°. The individual oddball condition stimulus differed from the ensemble oddball in
that only the single line marked by the semi-circle changed from 14.68° to 35.13° while all other
lines stayed at 14.68° (see Epstein and Emmanouil, 2021 for further details on how stimuli were
generated).
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Figure 1: Examples of stimuli for the standard, the individual oddball and the ensemble
oddball conditions. The line marked by the semi-circle denotes the target line which shifts
more in orientation in the individual condition.
Design and Procedure
Participants sat in a dimly lit room while completing the task. Participants were instructed
to sit still and blink as little as possible. Before beginning the main blocks of trials, participants
were shown what the stimuli looked like in a demo and were trained on practice trials until they
were fully capable and understanding of the task.
A single trial began with the first set of digits which was displayed for 2 seconds (Figure
2). This was followed by a sequence of five of the visual stimuli, each of which displayed for
200 milliseconds and were each separated from each other with an inter-stimulus interval (ISI) of
1.25 to 1.75 seconds. (Epstein and Emmanouil, 2021). Out of the five stimuli displayed in the
sequence, one of the last three stimuli in the sequence was an ensemble oddball and one of the
last three was an individual oddball for every trial in both conditions. Subjects were instructed to
respond to one or the other depending on the condition. While two of the five visual stimuli were
always targets (ensemble and individual), the other three were standard stimuli. The inter-
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stimulus interval that varied randomly between 1.25 and 1.75 seconds was placed between each
object stimulus, as well as before and after the sequence of stimuli. This variation in ISI reduces
the chance that alpha waves would be synchronized to a frequency of the stimuli. After the last
visual stimulus and ISI, the single digit probe was displayed for 2 seconds, during which the
subject responded. The time delay between the first set of digits to the beginning of the digit
probe was a maximum of 11.5 seconds (dependent on ISI times), representing the maximum
amount of time a subject would hold digits in working memory. Finally, a fixation cross of 2.35
seconds was displayed as an inter-trial-interval, and a new trial would begin with a new set of
digits. An oscilloscope was used to measure the timing of stimuli on screen to ensure accuracy.

Figure 2: An example of one trial. In the ensemble condition subjects would only respond to
the ensemble oddball and in the individual condition would only respond to the individual
oddball. For one block of trials subjects would memorize three digits in the low load condition
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and for the other block of trials subjects would memorize seven digits at the beginning of every
trial. Subjects would then respond to the probe digit shown at the end of the sequence.
There were two blocks of 100 trials lasting approximately 30 minutes each with a rest
period between blocks and thus a total run time of about one hour. Within a block were 10 sub
blocks of trials each lasting approximately 3 minutes with rest screens between sub-blocks. Each
block consisted of 10 sub-blocks, and each sub-block consisted of 10 trials, totaling 100 oddball
observations per condition.

EEG Recording and Preprocessing
Continuous EEG data was collected using a 64-channel Neuroscan quickcap using Curry
8 software. Electrogel was applied to the scalp and impedances were kept below 25 kOhms.
Impedance was checked between blocks to ensure this threshold. Electrodes were referenced to
CZ online by default, but re-referenced offline to the mastoid electrodes. Preprocessing included
a baseline correction in the 500 ms pre-stimulus period and a bandpass filter between 0.5 and 90
Hz. Independent component analysis (ICA) was performed using fieldtrip to remove eye blinks
and muscle movements from the signal. Trials were then cleaned such that all trials with an
absolute amplitude above +/- 80 microvolts were excluded; despite this exclusion criterion there
was a sufficient number of trials for each participant. After ICA, the individual data were
baseline corrected again to the 100 ms pre-stimulus period. The stimulus-locked event-related
potential (ERP) was then averaged for all correct oddball trials and all standard trials. P300 was
determined to have a positive potential between 300 and 1000 milliseconds post-stimulus. All
signal averaging was performed using the fieldtrip toolbox and custom written MATLAB scripts
(MATLAB, 2021; Oostenveld et al., 2011).
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Behavioral Analysis
Working Memory Task
For the working memory task, accuracy was recorded and defined as the number of
correct responses out of the total trials in the condition. Accuracy and reaction times of the
working memory task were recorded, but only accuracy was analyzed. The purpose of the
working memory task was to induce a cognitive load on the subject; thus, accuracy was used as
an exclusion criterion if participants did not engage in the working memory task. If a subject
responded with less than chance (< 50% accuracy) on the working memory task, then it would be
determined the subject was not engaged in the task and no cognitive load was induced. All
subjects included in analyses scored above chance in the working memory task. Also, a two-way
repeated measures ANOVA was performed on the mean working memory task scores to
examine whether high load was in fact more challenging than the low load condition. For all
ANOVAs performed in the study, load was set as the within-subject variable and perceptual task
as the between-subject variable.
Perceptual Task Accuracy
Accuracy and reaction times of the visual task were recorded in experiment 1. Accuracy
was defined as the number of oddballs correctly responded to out of the total number of oddballs
in a condition (Total = 100). False alarms were also recorded. Accuracy in the visual task was
analyzed using mean scores, and a two-way repeated measures ANOVA was performed.
Perceptual Task Reaction Times
Reaction time was defined as the latency from stimulus onset to the subject's response.
Reaction times were cleaned such that incorrect trials were excluded from analysis, and reaction
times with a z-score of ± 2.5 were excluded as outliers because these may not have been
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legitimate responses (i.e., the participant initiated a response too early, anticipating a stimulus, or
responded too late due, for perhaps, to not paying attention). Reaction times were analyzed using
two-way repeated measures ANOVAs on the mean, as well as the median response times of each
subject.

ERP Analysis
Analysis was carried out at electrodes over the parietotemporal region (CP1, CPA, CP2,
P1, PZ and P2) for the P3b component. After averaging signals for each participant in each
condition, the individual participant’s data were then averaged into grand mean ERP waveforms.
Each individual P3b was analyzed for the average peak amplitude; this was calculated by
averaging +/- 5 ms around the true peak (the most positive peak) to account for high frequency
noise. Latency was also calculated from each individual P3b by calculating the positive area over
the determined time window (300 to 1000 ms) and finding the midpoint of this area (50% signed
area method) (Luck, 2014). Repeated measures ANOVAs were performed on both amplitudes
and latencies.

Behavioral Results
Working Memory Task
Working memory accuracy was recorded and analyzed. There was a main effect of load
(High load M = 83.692%, Low load M = 95.846%) F(1,11) = 27.625, p<0.001, ηp2 = 0.715.
This finding demonstrates that the high load working memory task (memorizing seven digits)
was in fact more challenging than the low load task (memorizing three digits). There was no
main effect between ensemble and individual conditions F(1,11) = 0.121, p=0.735, ηp2 = 0.011
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and no interaction (load x perceptual conditions) F(1,11) = 0.114, p=0.742, ηp2 = 0.01.
Perceptual Task Accuracy
Subjects in all conditions were equally accurate at responding to the visual stimuli. A
repeated measures ANOVA was conducted that resulted in no significant differences in accuracy
between ensemble and individual conditions F(1,11) = 2.76, p=0.125, ηp2 = 0.201, no significant
differences between load conditions F(1,11) = 2.31, p=0.157, ηp2 = 0.173 and no interaction
F(1,11) = 0.014, p=0.909, ηp2 = 0.001 (see Table 1 for means and standard deviations across all
conditions and Figure 3 below for comparisons of mean scores). These results are congruent with
Epstein and Emmanouil (2021) in that participants may have been equally accurate at responding
to ensemble and individual targets since there were no significant differences in accuracy.
However, it is difficult to make conclusions due to low power.

Figure 3: Mean accuracy scores (out of 100) in the high and low load ensemble, and high and
low load individual conditions. Repeated measures ANOVAs showed no significant differences
between any of the conditions. Error bars represent squared error of the mean.
Perceptual Task Reaction Times
Mean and median reaction times were calculated from individual subjects and then
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analyzed using two-way repeated measures ANOVAs. These two measures of reaction times
showed consistent statistical results such that there were no main effects or interactions across all
conditions. Mean reaction times showed no main effect of load F(1,11) = 1.356, p = 0.269, ηp2 =
0.11, no main effect between perceptual conditions F(1,11) = 0.053, p = 0.822, ηp2 = 0.005, and
no interaction F(1,11) = 1.303, p = 0.278, ηp2 = 0.106. Median reaction times also showed no
main effect of load F(1,11) = 1.591, p = 0.233, ηp2 = 0.126, no main effect between perceptual
conditions F(1,11) = 0.197, p = 0.666, ηp2 = 0.018, and no interaction F(1,11) = 1.326, p =
0.274, ηp2 = 0.108.

High
Load

Low
Load

Std. Dev

Mean
Working
Memory
Accuracy

Std. Dev

Mean
Reaction
Times
(ms)

8.86

83.66

7.00

488

93.00

3.36

83.71

6.02

517

Total

91.07

Ensemble

92.16

6.56

83.69

6.21

5.45

96.66

3.07

Individual

95.85

3.71

95.14

Total

94.15

4.79

95.84

Mean
Accuracy
(Perceptual)
Ensemble

88.83

Individual

Std. Dev

Median
Reaction
Times
(ms)

Std. Dev

50

463

52

6

57

499

63

7

504

54

482

59

13

531

111

504

105

6

5.69

517

47

500

61

7

4.56

524

79

502

80

13

N

Table 1: Mean accuracy, working memory accuracy, reaction times, and median reaction
times (in ms), across all conditions (high load ensemble, high load individual, high load total
(ensemble + individual), low load ensemble, low load individual, and low load total (ensemble
+ individual). N = number of subjects included in each condition.
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Figure 4: Mean reaction times of each subject averaged across conditions. Repeated measures
ANOVAs showed no significant differences between any of the conditions. Error bars
represent squared error of the mean.
ERP Results

Figure 5: Grand averages of high load and low load ensemble oddballs and standards. Each
individual dataset was baseline corrected to the 100ms pre-stimulus period, all grand average
figures were re-baseline corrected, also to the 100ms pre-stimulus period.
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Figure 6: Grand averages of high load and low load individual oddballs and standards.

Figure 7: Grand averages of high load and low load ensemble and individual oddballs.
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The P3b component was elicited by oddballs in both ensemble (Figure 5) and individual
(Figure 6) conditions. By contrast, the standard targets did not elicit a positivity consistent with
the P3b. Latencies and amplitudes were computed for individual subjects’ averaged ERP data.
Mean amplitudes showed no main effect of load, F(1,11) = 0.792 p = 0.393, ηp2 = 0.067, no
main effect of perceptual condition, F(1,11) = 0.461 p = 0.511, ηp2 = 0.04, and no interaction of
load and perceptual conditions, F(1,11) = 1.426 p = 0.258, ηp2 = 0.115. Latency showed no main
effect of load, F(1,11) = 1.686 p = 0.221, ηp2 = 0.133 and no interaction of load and perceptual
conditions, F(1,11) = 1.122 p = 0.312, ηp2 = 0.093. There was a main effect of perceptual
condition, in which ensemble P3b latency was found to peak earlier than individual condition
latency, F(1,11) = 7.043 p = 0.022, ηp2 = 0.39.
P1 and P2 latencies and amplitudes, which reflect obligatory visual encoding, were
analyzed over occipital channels, and showed no significant effects across all load and perceptual
conditions (See Appendix 3 for P1 and P2 analysis).
A bivariate correlation was performed on median reaction times and 50% area latencies.
However, due to a low number of subjects this data did not produce meaningful results (See
Appendix 4 for correlation data).
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Mean Latency (ms)

High Load

Low Load

Std. Dev

Mean Amplitude (mV)

Std. Dev

N Subjects

Ensemble

543.50

51.37

7.40

2.56

6

Individual

616.29

76.91

6.12

2.37

7

Total

582.69

74.05

6.71

2.44
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Ensemble

508.33

16.96

7.29

2.24

6

Individual

612.71

86.48

6.90

2.04

7

Total

564.54

82.42

7.08

2.05

13

Table 2: Mean 50% area latencies and mean peak amplitudes of the P3b components in
individual subjects under parietal channels CP1, CPZ, CP2, P1, PZ, P2. N = number of
subjects in each condition.

Figure 8: Mean latencies of the P3b component taken from parietal electrodes. There was a
significant effect between ensemble and individual conditions. Error bars represent squared
error of the mean.
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Figure 9: Mean peak amplitudes of the P3b component taken from parietal electrodes. There
were no significant effects across all conditions. Error bars represent squared error of the
mean.
Discussion
Due to COVID-19, data collection in experiment 1 was discontinued resulting in less than
half of the number of subjects initially determined to produce powerful results. Thus, experiment
1 produced trends more than meaningful results. Accuracy of the perceptual task for example,
was hypothesized to show an interaction with working memory load in which a working memory
load would decrease individual object accuracy and possibly increase ensemble accuracy. This
interaction was not found, although accuracy results across conditions were found to be
statistically similar, which is consistent with the accuracy results in Epstein and Emmanouil
(2021). The interaction was trending, but not significant. The same was true of reaction times,
although, P3b latency did show that ensembles were processed faster than individual objects.
Epstein and Emmanouil (2021) not only found a significant difference in reaction times between
ensemble and individual conditions, but also successfully correlated reaction times to latency of
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the P3b component. These results taken together suggest that subjects are faster at perceiving
ensembles than individual objects. The effect of load on perceiving ensembles was shown in
Bauer (2017) to increase response times due to subjects making “snap” judgments on the scene.
The results in this experiment failed to show this effect, not only in reaction times, but also
differences in P3b latency between working memory conditions.
While Epstein and Emmanouil (2021) found significant peak amplitude differences in the
P3b component between ensemble and individual conditions, the current study fell short of
finding amplitude differences, likely due to low power. The current study found no effect or
interaction of load in peak amplitude of the P3b, nor was there an effect of load on P3b latency,
which are both contrary to results found in Pratt et al. (2011) and Verleger (1997) respectively.
There was, however, a significant difference in latency between ensemble and individual
conditions which is consistent with Epstein and Emmanouil (2021).
Altogether, having a low number of subjects in experiment 1 inspired the need for
experiment 2. Experiment 2 examined the same set of conditions in a behavioral experiment
measuring reaction times in the hope of increasing the power of the behavioral effects. Since
Epstein and Emmanouil (2021) found a correlation of RT with P3b latency, reaction times could
thus be used as an alternative measure of speed of perceptual processing.

Experiment 2
Participants
A power analysis in Pangea was performed to determine that 40 total participants were
needed to show an effect of reaction times between high and low load conditions with a power of
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85% (Westfall, 2016). The power analysis was based on the main effect size of reaction times
and load from Bauer (2017) where Cohen’s D = 0.4018. To account for noise, we recruited well
over the number determined by the power analysis to ensure we would have sufficient power.
Two hundred participants based in the US were recruited from Amazon Mechanical Turk and 88
were included in the final dataset (41 males, 47 females, ages 11-64, all with >/=95% accepted
HITs). Experimental protocol for experiment two was approved by the IRB. One hundred twelve
additional participants were excluded based on exclusion criteria of how well participants
understood the task and if the task was completed. The specific exclusion criteria included an
accuracy threshold of 50% for each condition in the perceptual task, an accuracy threshold of
50% over all conditions in the working memory task, and a false alarm count of above 50% over
all conditions. All 200 participants who submitted for completion on Amazon MTurk, regardless
of completion of the task, were compensated 50 cents for participation.

Stimuli and Task
The stimuli and task were similar to experiment one. One notable difference in stimuli in
experiment 2 from experiment 1, is that experiment two stimuli were jpg images of experiment 1
stimuli. The difference here is that in experiment 1, stimuli were generated by code every time,
whereas in the online study, the stimuli consisted of a fixed set of images that were generated
prior to the study. Every picture in a task was different, thus, the jittering of positions and
orientations of the lines were essentially identical in experiment 1 and experiment 2. The timing
of the task was also identical across experiments.
Because this visual task was delivered online, the stimuli were displayed on different
computer screens which were likely to vary in brightness. Stimulus size (both visual stimuli as
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well as working memory digit stimuli) was calibrated by having participants resize an image of a
credit card to match the size of a physical credit card. This calibrated the image to the size of the
stimuli of the EEG experiment. The task was coded to shut down if a mobile screen of any kind
was used, ensuring that the task was done on a computer.

Design and Procedure
The experiment was uploaded to Pavlovia.org and links to the counterbalanced conditions
were published to participants through Amazon MTurk. After a participant entered the task
through the provided link, they immediately were presented and responded to screening, the
consent form, and demographic information (age and gender). All subjects self-reported no
history of neurological, psychological or substance abuse disorders and reported having normal
or corrected-to-normal vision. Following this were instructions of the two tasks and three
practice trials each with instructions and visual feedback. The only difference in the task itself
between experiment 1 and experiment 2 was that participants in experiment 2 were instructed to
respond with the right arrow key for the visual task and for the working memory task would
respond right instead of left and left instead of right. This was to make pressing the buttons more
intuitive for participants. After the last practice trial, the main task would begin. As done in
experiment one, the task was a continuous presentation of the trials (Figure 2) until a rest screen
appeared between sub-blocks. In experiment 2, each condition consisted of one block, containing
two sub blocks with 5 trials each. Thus, there were 10 trials total per condition, and 20 trials in
the entire experiment. The timing of the trials was the same as experiment 1, and thus the
runtime of 20 trials would be no more than 5.6 minutes. Participants finished the entire
experiment in about 18.5 minutes on average which is typical of a task on Amazon MTurk.

34

Behavioral Analysis
Behavioral analysis of experiment 2 was similar to that of experiment one. Perceptual
task accuracy, working memory task accuracy, mean reaction times, and median reaction times
were analyzed using two-way repeated measures ANOVAs. Reaction times were cleaned of
outlier reaction times with a z score of +/- 2.5.

Behavioral Results
Working Memory Accuracy
Working memory task scores were consistent with experiment 1. There was a main effect
of load in which high working memory load was more challenging than low working memory
load (High Load M = 71.81, Low Load = 94.09) F(1, 86) = 101.349 p<0.001, ηp2 = 0.541. Also,
there was no main effect between perceptual conditions, F(1, 86) = 0.539 p = 0.465, ηp2 = 0.006,
nor an interaction F(1, 86) = 0.022 p = 0.882, ηp2 < 0.001.
Perceptual Task Accuracy
Similar to experiment 1, subjects in all conditions were equally accurate at responding to
the target visual stimuli. There was no significant difference between ensemble and individual
conditions F(1,86) = 0.767 p = 0.384, ηp2 = 0.009, no significant difference between high and
low load F(1,86) = 1.501 p = 0.224, ηp2 = 0.017 and no interaction F(1, 86) = 0.423 p = 0.517,
ηp2 = 0.005 (see Table 3 for means and standard deviations).
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Figure 10: Mean accuracy scores (out of 100) in the high and low load ensemble, and high
and low load individual conditions. Repeated measures ANOVAs showed no significant
differences between any of the conditions. Error bars represent squared error of the mean.

Reaction Times
Mean and median reaction times were taken from each subject and analyzed. There were
no significant main effects or interactions seen in reaction times between conditions; however,
ensemble reaction times were found to be marginally faster than individual condition reaction
times. The marginal differences were seen in both mean reaction times F(1,86) = 3.427 p =
0.068, ηp2 = 0.038 and median reaction times F(1,86) = 3.645 p = 0.06, ηp2 = 0.041. This of
course only shows a small effect; however, it is notable that this effect was marginally significant
in both mean and median reaction time data.
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High Load

Low Load

Std. Dev

Mean
Reaction
Times
(ms)

Std. Dev

Median
Reaction
Times
(ms)

Std. Dev

70.78

21.43

484

114

465

112

51

6.41

73.24

21.74

513

72

496

76

37

96.59

8.15

97.65

6.19

71.82

21.47

496

99

478

99

88

93.33

11.43

476

93

455

98

51

Individual

98.11

5.70

95.14

8.37

518

87

497

83

37

Total

97.84

5.96

94.09

10.24

494

93

472

94

88

Mean
Accuracy
(Perceptual)

Std. Dev

Ensemble

95.88

9.20

Individual

97.57

Total
Ensemble

Mean
Working
Memory
Accuracy

N

Table 3: Mean accuracy, working memory accuracy, mean reaction times, and median
reaction times across all conditions (high load ensemble, high load individual, high load total
(ensemble + individual), low load ensemble, low load individual, and low load total (ensemble
+ individual). N = number of subjects included in each condition.

Figure 11: Mean reaction times of each subject averaged across conditions. Repeated
measures ANOVAs showed ensemble reactions times to be marginally faster than individual
condition reaction times. Error bars represent squared error of the mean.
(See Appendix 5 for comparison of behavioral results between experiment 1 and 2)

Discussion
Contrary to our hypothesis and results seen in Bauer (2017), accuracy results in
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experiment 2 remained consistent with experiment 1 in that cognitive load had no effect on
perceptual accuracy scores and there was no interaction. Perceptual accuracy scores were
consistent across conditions which lends itself to the point in Epstein and Emmanouil (2021) that
differences seen in reaction times and latency were not biased by the difficulty of the perceptual
tasks themselves, but that these timing differences were more representative of differences in
perceptual processing in the brain. Reaction times in experiment 2 showed no significant effects
by ANOVA which is again contrary to our hypothesis and to the results in Bauer (2017).

Limitations
Due to COVID-19 it was necessary to perform this behavioral version of experiment 1
online. In general, there are factors that can be controlled in the lab that are lost when running an
experiment online. Factors that cannot be controlled when running a task online include
brightness of screen (aforementioned), screen type, and visual angle. Subjects were instructed to
sit 75 centimeters away from their screen; but this was one factor that could not be verified
through the task. Furthermore, it was clear participants online had a difficult time understanding
the task. Since the experiment implemented a dual-task paradigm, many participants understood
one, but not both tasks’ instructions. Thus, many subjects were excluded for only completing one
part of the task and not the other. Future studies employing dual-task paradigms should be
cautious about putting a dual-task paradigm online. Furthermore, future studies employing dualtasks would require more practice trials.
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General Discussion
The present study sought to test whether working memory load would affect ensemble
and individual object processing, such that working memory load would decrease individual
object processing speed and accuracy while ensemble processing would either be unaffected by
load or possibly increase in speed and accuracy. If such results were found, they would support
the hypothesis that ensemble perception is a perceptual mechanism that is distinguished from
individual object perception. The present study showed some results consistent with Epstein and
Emmanouil (2021): In experiment one perceptual task accuracy remained consistent across
ensemble and individual conditions, while P3b latency was faster in ensemble than individual
conditions. Complementing these results, the experiment 2 reaction times were found to be
marginally faster in the ensemble condition. However, no effects of working memory load were
found on the perceptual task across experiments.
There was one result that remained relatively consistent from experiment 1 through to
experiment two, which was that ensemble processing remained faster than individual object
processing. This finding is notable, given that experiment 1 had low power (because data
collection could not be completed). This speed-of-processing effect was shown in differences in
latency of the P3b components in experiment 1, and the marginally significant reaction time
differences in experiment 2. These results support the hypothesis of Epstein and Emmanouil
(2021) that ensembles are processed faster and become more readily available than individual
objects. It is notable this effect was found in P3b latency even with a small number of subjects,
which was the case in experiment one. This effect, although marginally significant, even stood
the test of an online experiment (experiment two) where many factors that can be controlled in a
lab setting could not be controlled for in the online experiment. Effects in reaction time between
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ensemble processing and individual object processing were seen in separate experiments
(experiment 2 in the current study and Epstein and Emmanouil, 2021), with varying
experimental conditions, highlighting the consistency of this effect. Unlike Epstein and
Emmanouil (2021), the current study failed to find a significant correlation of reaction times to
P3b latency (Appendix 4). This failure was likely due to low power. Even so, the P3b latency
effect and the small reaction time effect, adds some support to the hypothesis that ensembles are
processed faster than individual objects.
Experiment 1 showed no effects of load behaviorally on ensemble or individual object
processing. With the increased power in experiment 2, there still was no effect of load. These
results suggest that load overall had no effect on ensemble or individual object processing. Past
studies have also shown mixed results on working memory affecting visual perception tasks. As
mentioned, Epstein and Emmanouil (2017) found no effect of visual working memory load on
ensemble perception. Bauer (2017) found that load influenced accuracy dependent on the size of
the probe shown to subjects, but he did not find an effect of load overall on ensemble task
accuracy. One reason Bauer (2017) may have observed this effect was because Bauer’s (2017)
task had a scalar component to accuracy (ratio of the probe line size to the mean of the
ensemble). The current study’s visual task was binary; that is, either subjects responded correctly
to the oddball or not. Future studies looking at the effect of load on ensemble versus individual
object processing should use an accuracy task with a scalar component to better measure how
well subjects can perceive the stimuli.
Studies using a similar dual task paradigm (Sternberg verbal working memory task while
performing a visual detection task) have also seen conflicting results on the influence of working
memory load on a primary visual detection task that involves processing of individual objects.
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Han and Kim (2004), for example, found that maintaining digits (or letters) in working memory
(Sternberg memory task) while performing a visual search task did not influence accuracy, but
that manipulating digits in working memory by counting backwards from a number while
performing the visual search task did influence accuracy. Their first result was consistent with
results found in Woodman et al. (2001) who also found that maintaining digits in working
memory had no influence on visual task search efficiency. Not only are the results between
experiments 1 and 2 of Han and Kim (2004) conflicting with each other; but they are also
inconsistent with results seen in Pratt et al. (2011), who also employed a Sternberg memory task
but coupled with a flanker task instead of a visual search task. Pratt et al. (2011) found
significant differences when comparing primary (flanker) task accuracy scores under no load,
medium and high load, the result of which subjects performed worse on the primary task under
high working memory compared to medium and then no-load conditions. Although a flanker task
is different from a visual search task, these data highlight the range of effects one can find on a
primary visual detection task while maintaining digits in working memory.
The current study failed to show these working memory effects on a primary visual
detection task, and thus show consistency with null result studies such as Epstein and
Emmanouil (2017), Han and Kim (2004), and Woodman et al. (2001). Furthermore, the current
study failed to show ERP results consistent with Pratt et al. (2011), Watter et al. (2001) or
Wintink et al. (2001). In these studies, amplitude of the P300 decreased under high load
conditions compared to low load conditions. The absence of a P300 effect in the current study
was likely due to both noise and low number of subjects included in ERP analysis.
Another point indicating the absence of a P300 effect in the current study is that Pratt et
al. (2011) showed the largest difference in P300 amplitude between no load and load conditions
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(which was “marginally significant”), whereas the medium and high load condition showed a
more subtle effect in amplitude which they do not report statistical analysis for (likely because
this difference in amplitude was insignificant). Since the present study compared only low load
and high load, and not no load, this may have reduced the sensitivity of the experiment for
finding differences in amplitude.
In the present study, even with high and low working memory loads occupying higher
cognitive control resources, reaction time and latency in ensemble and individual conditions did
not seem to be affected. Reaction times are in one respect a measure of total processing time, and
the P3b latency is considered a measure of perceptual processing time. This certainly inspires
questions regarding the pathways in which objects are processed from visual space towards a
response.
To answer these questions, we must consider the origin and flow of information within
the brain in context of the current study. For the perceptual task, subjects were instructed on what
the ensemble and individual targets looked like prior to beginning the task. Thus, subjects were
provided with a model of the stimuli. This model was held in working memory and higher
cognitive control resources were recruited towards a “goal” of responding to the flashing stimuli
(Miller and Cohen, 2001). We may then consider that top-down processes were utilized to
perform this task. Concurrently, while subjects held their “goal” of responding correctly to
stimuli in working memory, standard or target stimuli flashed on the screen, thus engaging
perceptual processes and resources that move up towards higher cognitive functions. Thus, both
top-down (cognitive control) and bottom-up (perceptual) processes were engaged in order for a
subject to perform the ensemble and individual object tasks.
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As subjects performed the perceptual task, they memorized three or seven digits in the
low and high working memory load conditions. In the working memory part of the task, subjects
memorized and maintained digit information on every trial such that they may complete their
“goal” of responding to the digit probe. Thus, the working memory task was a way to tax
cognitive control resources while concurrently performing the perceptual task. Taken together, a
subject would have top-down processes/higher cognitive control resources taxed (or not in the
low load condition) while performing the primary perceptual task, and the perceptual task
utilized bottom-up processes normally (minimal perceptual load). Therefore, if response time is a
sum of all the mechanistic processes in the brain required to make a decision about the visual
scene, then processes that occur dependent upon perception would show more of an effect on
response times than would processes dependent on working memory or higher cognitive control
functions. When cognitive control resources were not at capacity, as seen in Epstein and
Emmanouil (2021), and when they were at low and high capacities in the current study, response
times did differ marginally between ensemble and individual tasks (as seen in experiment two).
Furthermore, P3b latency differed significantly between ensemble and individual conditions,
while load showed no differences on latency. Had load shown more of an effect on response
times (or even latency for that matter), one may consider that response times were influenced by
higher cognitive control functions, but this was not the case. Ultimately, this shows that
differences seen in these perceptual tasks were more reflective of perceptual processes than
higher cognitive processes.
The results of the current study are consistent with the hypothesis that higher cognitive
control resources are not required for perception. More importantly, loading working memory
did not significantly influence the models of information stored in memory regarding visual
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stimuli (Woodman et al., 2001; Chong and Treisman, 2005; Pavlovskaya et al., 2013). Although
the positive results in Pratt et al. (2011) and Bauer (2017) suggested that working memory could
influence perceptual processes upstream, the present study failed to show such an effect. Since
previous studies examining the influence of working memory load on visual perception have
been inconsistent, this prompts the need for future studies to examine this nuanced relationship
between working memory load and its effects on perceptual processes.

Conclusions
The present study examined the effects of high and low working memory loads on
ensemble and individual object perception both behaviorally and with EEG. Working memory
load did not significantly influence either ensemble perception or individual object perception.
The present study did, however, find some results distinguishing ensemble and individual object
perception. Specifically, the latency of the P3b component in experiment 1 and a marginal
difference in reaction times in experiment 2 suggested slightly faster ensemble perception. These
results support the hypothesis proposed by Epstein and Emmanouil (2021) that ensembles are
processed faster and become more readily available than processing individual objects in a scene
of low-level stimuli. This effect was consistent even with the added working memory load.
Working memory load effects originally predicted in the current study may have been too subtle
to show any significant effects, even though such effects were found in past research studying
visual detection tasks (Pratt et al., 2011; Bauer, 2018). Future research using EEG with a higher
number of subjects may be required to show an effect of working memory load on ensemble and
individual object processing.
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Appendix
1. Comment on Cant and Xu (2012)
One issue with Cant and Xu (2012) is that they use pictures of real-world objects, thus
activity for these objects will be most active in high-level visuals areas like the PPA and LO.
While this increases our understanding of where high-level ensembles are represented, it does
not help us to understand where ensemble coding happens in earlier visual cortex. It is certainly
possible that ensemble coding occurs in this proposed area, but as mentioned, ensemble coding
happens within multiple modes and levels of visual features.
2. The Contralateral Delay Activity
The CDA is an ERP that correlates to the capacity limits of working memory. When a
subject is holding the ‘magic number’ of up to four objects in working memory, the CDA
reflects the number of objects in working memory and shows an asymptote when reaching
capacity. The CDA may be a good index for working memory capacity, but it is relatively new
as it was first discovered in 2007. There have been some ensemble perception studies using the
CDA, but these are also relatively new studies and must be challenged by future studies before
holding a sturdier place in the literature. (Baijal et al., 2013; Ji et al., 2018; Oh, Kim, and Kang
2019)
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3. P1 and P2 Analyses

Supplementary Figure 1: Mean P1 amplitudes in the 0.065 - 0.13 second window over
occipital channels: PO7, PO5, PO3, POZ, PO4, PO6, PO8, O1, OZ, O2. Error bars represent
squared error of the mean.

Supplementary Figure 2: Mean P1 latencies in the 0.065 - 0.13 second window over occipital
channels: PO7, PO5, PO3, POZ, PO4, PO6, PO8, O1, OZ, O2. Error bars represent squared
error of the mean.
The two way repeated measures ANOVAs for P1 amplitudes showed no main effect of
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load F(1,11) < 0.001 p = 0.996, ηp2 < 0.001, no main effect between perceptual conditions
F(1,11) = 0.031 p = 0.863, ηp2 = 0.003, and no interaction F(1,11) = 0.001 p = 0.973, ηp2
<0.001. P1 latencies also showed no main effect of load F(1,11) = 1.578 p = 0.235, ηp2 = 0.125,
no main effect between perceptual conditions F(1,11) = 0.03 p = 0.865, ηp2 = 0.003, and no
interaction F(1,11) = 1.578 p = 0.235, ηp2 = 0.125.

Supplementary Figure 3: Mean P2 amplitudes in the 0.2 - 0.285 second window over occipital
channels: PO7, PO5, PO3, POZ, PO4, PO6, PO8, O1, OZ, O2. Error bars represent squared
error of the mean.
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Supplementary Figure 4: Mean P2 latencies in the 0.2 - 0.285 second window over occipital
channels: PO7, PO5, PO3, POZ, PO4, PO6, PO8, O1, OZ, O2. Error bars represent squared
error of the mean.
The two-way repeated measures ANOVAs for P2 amplitudes showed no main effect of load
F(1,11) = 0.134 p = 0.722, ηp2 = 0.012, no main effect between perceptual conditions F(1,11) =
1.166 p = 0.303, ηp2 = 0.096, and no interaction F(1,11) = 1.127 p = 0.311, ηp2 = 0.093. P2
latencies also showed no main effect of load F(1,11) = 0.026 p = 0.874, ηp2 = 0.002, no main
effect between perceptual conditions F(1,11) = 0.013 p = 0.912, ηp2 = 0.001, and no interaction
F(1,11) = 1.172 p = 0.302, ηp2 = 0.096.
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4. Latency and Reaction Time Correlations
High Load Median RTs
High Load Latency

Pearson
Correlation
Sig. (2-tailed)
N

Low Load Latency

Pearson
Correlation
Sig. (2-tailed)
N

Low Load Median RTs

0.26

-0.16

0.39

0.60

13

13

0.17

-0.21

0.59

0.49

13

13

Supplementary Table 1: Pearson correlations of 50% area latencies and median reaction
times. Correlations were hypothesized to be significant and positive, but due to low power
produced insignificant correlations.
5. Table of Experiment 1 and 2 Behavioral Results

High
Load

Low
Load

Mean
Accuracy
(Exp 1)

Mean
Accuracy
(Exp 2)

Mean Reaction
Times (ms)(Exp 1)

Mean Reaction
Times (ms) (Exp 2)

Median
Reaction
Times
(ms)(Exp 1)

Median Reaction
Times (ms)(Exp 2)

Ensemble

88.83

95.00

488

482

463

463

Individual

93.00

94.32

517

519

499

500

Total

91.08

94.69

504

499

482

480

Ensemble

92.17

96.15

531

474

504

454

Individual

95.86

88.64

517

524

500

506

Total

94.15

92.71

524

497

502

478

Supplementary Table 2: Combined behavioral results.
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